Background: Use/misuse of the opioid combination hydrocodone-acetaminophen has been associated with permanent hearing loss. Although reports have been rare, this potential effect can have significant detrimental effect on patients' overall quality of life. To date, the ototoxic effect of hydrocodone alone has not been systematically investigated.
and hearing impairment based on self-reported hearing loss, it was found that regular use of acetaminophen (ie. ≥ twice/week) increased the risk of hearing loss in both men and women. The risk of hearing loss may increase with increased duration and frequency of use (25, 26) . Furthermore, in in vitro mouse model studies, exposure of cochlear culture and auditory cell line to acetaminophen alone, but not to hydrocodone alone, was associated with increased cell death. Cell death associated with acetaminophen was slightly potentiated with the addition of hydrocodone (27) The results from human and mouse model studies suggest that acetaminophen, rather than hydrocodone, may be the causative agent in auditory cell damage (27) .
Recently, a single-entity, once-daily, extended-release hydrocodone bitartrate tablet (20-120 mg) formulated with abuse deterrent properties (HYD; Hysingla® ER, Purdue Pharma, L.P.28) has become available in the US for the management of patients with pain severe enough to require daily, around-the-clock, long-term opioid treatment. During HYD clinical development, a comprehensive ototoxicity monitoring protocol was implemented in two phase 3 clinical studies to evaluate the potential impact of HYD on hearing. To our knowledge, this is the first report of studies that prospectively evaluated the potential ototoxic effect of a single-entity hydrocodone product in human.
Methods
Data from 2 phase 3 clinical studies were analyzed: a placebo-controlled study that evaluated the efficacy and safety of HYD in patients with moderate-to-severe chronic low back pain (LBP) , and an open-label study that evaluated the long-term safety of HYD in patients with moderate-to-severe chronic nonmalignant and non-neuropathic pain.
Both studies were approved by the Copernicus Group Institutional Review Board. Written informed consents were obtained from study participants or legally authorized representatives before enrollment.
Patients
Eligible participants in both studies were ≥18 years old. Patients in the placebo-controlled study had LBP for ≥3 months that was uncontrolled by their prestudy analgesics; patients in the open-label study had chronic nonmalignant and non-neuropathic pain for ≥3 months that was either controlled or uncontrolled by their prestudy analgesics. Patients were excluded from the studies if they had: uncontrolled depression or other M any medications used for chronic pain treatment are potentially ototoxic (1) (2) (3) (4) (5) . While the ototoxic effect of some analgesics is temporary (1,2), others have been reported to cause rapidly progressive and sudden sensorineural hearing loss (SNHL) that resulted in permanent, severe to profound auditory damage (3) (4) (5) . As hearing loss has been linked to cognitive decline, social and occupational dysfunction, and severe adverse health conditions (6) (7) (8) (9) (10) (11) , it could add significant burden to patients whose quality of life has already been reduced by their chronic pain conditions (12) .
The pathophysiology of rapidly progressive and sudden SNHL is poorly understood. Rapidly progressive SNHL, which develops over weeks to months, and sudden SNHL, which describes hearing losses of ≥ 30 dB over 3 consecutive test frequencies within 72 hours, have many similar features and probable causes (13, 14) . Some of the identifiable causes included viral and bacterial infection, trauma, vascular/hematologic and autoimmune disorders, and neoplasm (14) (15) (16) (17) . In cases of hearing loss associated with ototoxic medications, analgesics such as nonsteroidal anti-inflammatory drugs (NSAIDs) and opioids have been reported to cause rapidly progressive SNHL in general, and sudden SNHL in rare cases, that may or may not be reversible with treatment (3) (4) (5) (17) (18) (19) (20) (21) .
In the United States (US), the most frequently prescribed opioid medication is the hydrocodone-acetaminophen combination (22). Although cases of hearing loss associated with hydrocodone-acetaminophen are rare, there have been cases of self-reported severe to profound SNHL associated with the use/misuse of this medication (18) (19) (20) . Most of these were anecdotal, and these patients took a wide range of hydrocodoneacetaminophen doses, with some as high as 300 mg or more per day. The resulting hearing loss in most cases was bilateral and rapidly progressive, developing over days to months. Treatment with corticosteroid was generally ineffective in these patients and most required cochlear implantation (18) (19) (20) .
Whether hydrocodone alone is potentially ototoxic has not been systematically studied to date. Until recently, hydrocodone was only available in the US as an oral, immediate-release, fixed combination product with non-opiate drugs, predominately acetaminophen. Acetaminophen alone, however, is widely used in the US as an over-the-counter and prescription medication (23, 24) . In 2 prospective observation cohort studies that evaluated the correlation between acetaminophen use psychiatric disorders, pre-existing hearing-related conditions that could cause fluctuant hearing unrelated to study drug (eg. Meniere's disease, persistent middle ear infections, autoimmune inner ear disease, perilymphatic fistula, tumor of the head, neck or auditory system, or history of otologic surgery or hearing fluctuation), exposure to known ototoxic agents within 6 months before the studies (ie. cisplatin, carboplatin, vincristine, vinblastine, head/neck radiation, aminoglycoside antibiotics, or α-difluoromethylornithine) (29-34), air-conduction threshold asymmetry >20 dB in the conventional frequencies (0.25-8 kHz), air-bone gaps >10 dB, abnormal tympanograms, or other indications of middle ear abnormality. Patients with other hearing deficits were allowed.
Study Designs and Treatments
Both studies comprised a screening period and an open-label titration period when patients converted their prestudy analgesics to HYD (20, 40 , 60 mg or 80 mg daily) and adjusted their HYD doses to a level (up to 120 mg daily) that was tolerable and adequate for pain control. Subsequently, patients in the placebo-controlled study were randomized to receive HYD or placebo in a 12-week double-blind period. To minimize withdrawal and prevent potential unblinding, patients randomized to the placebo group were gradually tapered to placebo during the first 2 weeks of the double-blind period. Patients in the open-label study continued HYD treatment in a 12-month maintenance period. Nonstudy analgesics were prohibited in the placebo-controlled study, while nonopioid and short-acting opioid analgesics were permitted in the open-label study.
Audiologic Assessments
All audiologic assessments were performed in the US by licensed audiologists in a sound booth meeting American National Standards Institute (ANSI) specifications using an Interacoustics AD629e audiometer with 3A insert earphones for the conventional frequencies (0.25-8 kHz) and Sennheiser HDA 200 earphones for ultra-high frequencies (10-16 kHz). Tympanometry was conducted using the GSI TympStar immittance bridge. The audiometer was calibrated before and every 6 months during the studies according to ANSI 3.6-2010. The immittance bridge was calibrated before the studies and annually.
Comprehensive audiologic assessments were conducted at screening and at end-of-studies. They comprised an otoscopic examination, bilateral air-conduction pure-tone audiometry utilizing the modified Hughson-Westlake procedure at frequencies of 0.25, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 14, and 16 kHz, tympanometry, speech reception thresholds (SRT), and word recognition using a 50-word list (NU-6) at 25 dB SL.
Bone-conduction thresholds were tested at 0.25, 0.5, 1, 2, 3, and 4 kHz if the air-conduction threshold at that frequency was ≥15 dB. To verify response reliability, air-conduction threshold testing was repeated at 1 and 2 kHz. Responses were considered reliable if retest thresholds at both frequencies were within ±5 dB of the original response (35) (36) (37) .
Additionally, bilateral air-conduction thresholds were tested at the end-of-titration period in both studies and at maintenance period month-3 and month-6 of the open-label study. Patients completed the Dizziness Handicap Inventory (DHI) and Tinnitus Handicap Inventory (THI) questionnaires at each visit (38, 39) . Patients with postbaseline DHI composite scores ≥31 and concurrent increases of ≥5 from baseline were discussed with an otolaryngology consultant for the studies to determine whether additional audiologic assessment was warranted.
Significant Change Criteria
Pretreatment air-conduction thresholds for each patient served as a baseline against which postbaseline thresholds were compared. Air-conduction threshold changes were considered significant if they met ≥1 of the following American Speech-Language-Hearing Association (ASHA) criteria: change of ≥20 dB from baseline at any frequency, change of ≥10 dB from baseline at 2 adjacent frequencies, or loss of response at 3 consecutive frequencies where responses were obtained at baseline (37) .
Results meeting the ASHA criteria were verified with a comprehensive audiologic assessment within 24 hours (37). Patients were flagged as patients with potential hearing decrement if the changes were confirmed with no indication of middle ear abnormality. An otolaryngology consultant for the studies monitored all patients with potential hearing decrement. Follow-up audiologic assessments were performed as recommended by the otolaryngologist, generally at 1, 2, 3, 6, and >6 months until the event resolved or stabilized. Follow-up assessment results were categorized as resolved (threshold changes no longer meet the ASHA criteria), stabilized (changes of ≤10 dB from the initial finding), or progressive (changes of >10 dB from the initial finding).
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To determine if changes meeting the ASHA criteria were related to true hearing changes or simple bidirectional variability in responses, postbaseline airconduction threshold changes meeting the ASHA criteria in the reverse direction (ie. improvement of ≥20 dB from baseline at any frequency, improvement of ≥10 dB from baseline at 2 adjacent frequencies, or acquisition of responses at ≥1 frequency where responses were absent at baseline for ≥3 adjacent frequencies) were analyzed. These patients were referred to as patients with improvement in hearing sensitivity.
Statistical Analysis

Analysis Populations
Patients with baseline comprehensive audiologic assessments and ≥1 postbaseline air-conduction threshold assessment were included. To compare effect of HYD vs placebo on hearing sensitivity, data for patients who received ≥1 double-blind treatment (HYD or placebo) during the placebo-controlled study (ie. randomized safety population) were analyzed. To determine whether ototoxic signal is present in a large population with prolonged HYD exposure, data for all HYD-treated patients in both placebo-controlled and open-label studies (ie. the integrated analysis population) were pooled and analyzed.
Primary and Supportive Analyses
Primary analyses comprised air-conduction threshold results in the conventional frequencies from the randomized safety and integrated analysis populations. Supportive analyses comprised results from air-conduction thresholds in the ultra-high frequencies, tympanometry, SRT, THI, and DHI from the randomized safety and integrated analysis populations, and results of boneconduction thresholds and word recognition at the study level. Summary statistics were used to summarize mean and mean changes from baseline to the end-of-studies for each assessment. The incidences of potential hearing decrement and improvement in hearing sensitivity during the studies were summarized by HYD overall, HYD dose, and cumulative HYD dose at event onset for the conventional frequencies, and by HYD overall and HYD dose at event onset for the ultra-high frequencies. Pearson and Spearman association coefficients (where a coefficient of -1 indicates total negative correlation, 0 indicates no correlation, and 1 indicates total positive correlation) were used to determine the magnitude of association between HYD dose or cumulative HYD dose and the incidence of potential hearing decrement in the conventional frequencies. Prior and concomitant uses of the potentially ototoxic medications, NSAIDs, acetaminophen, phosphodiesterase type-5 inhibitors (PDE-5 inhibitors), and macrolides were summarized (1-4,21,25,26,40) .
Results
Results of the efficacy and safety analyses for the placebo-controlled and open-label studies are presented elsewhere (41, 42) .
Patients and Treatments
The randomized safety population (N=588) comprised 296 HYD-treated and 292 placebo-treated patients from the double-blind period of the placebocontrolled study. The mean (SD) cumulative duration of double-blind treatment was 69.7 (25.22) days for the HYD group and 66.5 (27.56) days for the placebo group. The mean (SD) average daily HYD dose was 56.9 (31.76) mg for the HYD group.
The integrated analysis population (N=1207) included 302 HYD-treated patients from the titration and maintenance periods of the open-label study and 905 HYD-treated patients from the titration and double-blind periods of the placebo-controlled study. The mean (SD) cumulative HYD exposure was 95.2 (120.36) days. The mean (SD) average daily HYD dose was 48.7 (27.04) mg.
Most patients in the integrated analysis population were <65 years old, female, and white (Table1). Nine percent of the patients had pre-existing hearing conditions, including tinnitus (3.1%), bilateral deafness (1.2%), and hypoacusis (<1%). Fifty-two percent of patients had the following hearing loss risk factors (43, 44) : smoking (8%), diabetes (10%), hypercholesterolemia (14%), hypertension (39%), and other cardiovascular diseases (15%). No notable difference in baseline characteristics existed between the HYD and placebo groups.
As expected for patients with chronic pain, most patients in the integrated analysis population had prior exposure to the potentially ototoxic medications, NSAIDs and acetaminophen. Concomitant use of these medications decreased during the studies as nonstudy analgesics were prohibited in the placebo-controlled study. Few patients used macrolides and PDE-5 inhibitors before and concomitantly during the studies. Uses of potentially ototoxic medications before or concomitantly during the studies were balanced between the HYD and placebo groups (Table 1) .
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Mean Changes in Air-Conduction Thresholds from Baseline
For the randomized safety and integrated analysis populations, mean air-conduction threshold changes from baseline to end-of-study in the conventional (Fig.  1 ) and ultra-high frequencies were generally small, bidirectional, and clinically unremarkable. No notable differences existed between the HYD and placebo groups, between the left and right ears, and among the different HYD doses. Bidirectional air-conduction threshold changes occurred across all frequencies; higher frequencies generally had larger changes.
Patients with Significant Air-Conduction Threshold Changes during the Studies
Both HYD and placebo groups in the randomized safety population had similar incidences of potential hearing decrement (6% and 4%, respectively) and improvements in hearing sensitivity (9% and 10%, respectively) in the conventional frequencies (Fig. 2) . Likewise for the ultra-high frequencies, the HYD and placebo groups had similar incidences of potential hearing decrement (13% and 10%, respectively) and improvements in hearing sensitivity (18% and 17%, respectively).
For the integrated analysis population, 82% of 
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31 (7.9) 31 (7.7) 32 (7.8) www.painphysicianjournal.com patients had no significant air-conduction threshold changes in the conventional frequencies (Fig. 2) ; the incidences of potential hearing decrement (7%) and improvements in hearing sensitivity (10%) were similar. For the ultra-high frequencies, 66% of patients had no significant air-conduction threshold changes; the incidence of potential hearing decrement (11%) was lower than that of improvement in hearing sensitivity (20%). During follow-up audiologic assessments, threshold changes for all patients with potential hearing decrement had either resolved or stabilized during or after HYD treatment. No patient had threshold changes indicating progressive hearing loss. Consistently, analyses of SRT, word recognition, bone-conduction thresholds, DHI, and THI results did not reveal any clinically meaningful changes.
Patients with Ototoxic Medications Taken Within 30 Days Prior to Screening, n (%)
Patients Dispositions
For the randomized safety population, 75% of patients completed the study (77% HYD; 72% placebo) and 25% discontinued treatment (23% HYD; 28% placebo). One patient from both the HYD and placebo groups discontinued treatment due to potential hearing decrement.
In the integrated analysis population, 55% of patients completed HYD treatment and 45% discontinued HYD treatment. Five patients (<1%) discontinued treatment due to potential hearing decrement. The
Fig. 1. Mean changes from baseline in pure-tone air-conduction thresholds -randomized safety population and integrated analysis population.
HYD=single-entity, once-daily, extended-release hydrocodone bitartrate tablet. Randomized safety population comprised patients who received HYD or placebo during from the double-blind period of the placebocontrolled study. Integrated analysis population comprised patients who received HYD during the placebo-controlled and open-label studies.
Fig. 2. Percentage of patients with potential hearing decrement and improvement in hearing sensitivity -randomized safety population and integrated analysis population.
HYD=single-entity, once-daily, extended-release hydrocodone bitartrate tablet. Randomized safety population comprised patients who received HYD or placebo during from the double-blind period of the placebo-controlled study. Integrated analysis population comprised patients who received HYD during the placebo-controlled and open-label studies. www.painphysicianjournal.com ages of these patients (42 -81 years old), HYD doses received (20 -80 mg), and duration of HYD exposure before event onset (9-95 days) varied widely. The degree of threshold changes also varied: 3 patients had bilateral changes of 10 -20 dB in the conventional frequencies and 10 -40 dB in the ultra-high frequencies, one had unilateral changes of 20 dB in the conventional frequencies, and one had bilateral changes of 10-50 dB in the conventional frequencies. During poststudy follow-up audiologic examinations, threshold changes for these patients had either resolved or stabilized; no progression of threshold changes was reported.
discussion
Analyses of audiologic testing results from 1207 chronic pain patients in two phase 3 clinical studies showed no ototoxic signal for HYD at the dosages and treatment duration investigated. Primary analyses based on pure-tone air-conduction thresholds in the conventional frequencies showed that mean threshold changes from baseline to the end-of-studies were small, bidirectional, and clinically unremarkable. Percentages of patients with improvement in hearing sensitivity were similar to those with potential hearing decrement (Fig. 2) . No notable differences were observed between the HYD and placebo groups. Increased HYD dose or cumulative HYD exposure did not increase the incidence of potential hearing decrement (Figs. 3 and 4) . Analyses of ultra-high frequency pure-tone air-conduction thresholds, SRT, bone-conduction thresholds, word recognition, tympanometry, THI, and DHI support the conclusions from the primary analyses.
Most patients in the studies did not experience significant air-conduction threshold changes in the conventional or ultra-high frequencies; however, bidirectional changes meeting the ASHA (potential hearing decrement) or reverse ASHA (improvement in hearing) criteria occurred for 18%-34% of patients; greater fluctuations generally occurred in the higher test frequencies. Variability in air-conduction thresholds may be 
Potential Hearing Decrement
Improvement in Hearing Sensitivity multifactorial, including unreported loud noise exposure, decreased mental concentration and fatigue due to opioid use, ongoing pain and discomfort, and learning effect due to repeat testing. Nevertheless, analyses of air-conduction threshold changes did not reveal a pattern suggestive of ototoxicity. Specifically, previously reported cases of ototoxicity associated with hydrocodone-acetaminophen described hearing loss as rapidly progressive and permanent (18) (19) (20) . This pattern was not seen in our patients. No patients with potential hearing decrement during the studies had lasting severe or profound hearing loss; their threshold changes had either resolved or stabilized at the follow-up audiologic assessments performed during or after HYD treatment. Additionally, most ototoxic medications affect ultra-high frequencies initially and then progress towards conventional frequencies (45) (46) (47) (48) . This pattern of threshold changes was not seen in patients from the studies. For patients with potential hearing decrement, most changes varied over time. Finally, most ototoxic medications are dosedependent (49) . No HYD dose-dependent threshold changes were observed in our studies (Fig. 3) ; increased cumulative HYD exposure did not increase the incidence of potential hearing decrement (Fig. 4) .
A majority of patients in the studies used medications with ototoxic potential, including NSAIDs, acetaminophen, PDE5-inhibitors, and macrolides; however, their use was balanced between the HYD and placebo groups in the controlled study and would not have altered the conclusions. Additionally, careful monitoring of potential ototoxicity throughout the studies found no evidence of ototoxic synergism between HYD and other potentially ototoxic medications.
Serial air-conduction threshold evaluation at both conventional and ultra-high frequencies is an effective method of ototoxicity monitoring (37) . As prospective assessments of hearing function provide a pretreatment control against which post-treatment results are compared, they provide a reliable method for detecting early drug-induced ototoxicity before symptomatic hearing loss (37) . To our knowledge, these are the first large-scale human studies that prospectively evaluated the potential ototoxic effect of a single-entity hydrocodone product.
One limitation of the studies presented here pertains to sample size and treatment duration. As reports of rapidly progressive, severe to profound, permanent hearing loss are rare among the general population, a study population of 1207 patients with up to 12 months of maintenance treatment may not be sufficient to uncover this rare side effect. Therefore, while our study results do not warrant routine ototoxicity screening during HYD treatment, audiologic assessments would be indicated if a patient develops subjective hearing loss.
It should be noted that while no ototoxicity signal was seen for HYD, which is an extended-release, single-entity hydrocodone product, it remains to be determined whether a similar conclusion can be made for short-acting hydrocodone-containing products. Additionally, future clinical studies investigating the genetic variance for drug-metabolizing enzymes may help identify patients who are predisposed to drug-induced ototoxicity.
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